A pooled analysis of five biomonitoring studies was performed to assess the influence of hOGG1 326 , XRCC1 399 and XRCC3 241 gene polymorphisms on micronuclei (MN) frequency in human peripheral blood lymphocytes, as measured by the ex vivo/in vitro cytokinesis-block micronucleus (CBMN) assay. Each study addressed a type of occupational exposure potentially able to induce DNA strand breakage (styrene, ionising radiation, cobalt/hard metal, welding fumes and inorganic arsenite compounds), and therefore MN, as a result of base excision repair and double-strand break repair deficiencies. The effect of genotype, age, exposure to genotoxic agents and smoking habit on MN induction was determined using Poisson regression analysis in 171 occupationally exposed male workers and in 132 non-exposed male referents. The analysis of genotype-genotype, genotype-smoking and genotype-exposure interactions by linear combinations of parameters showed significantly higher MN frequencies in the following subsets: (i) occupationally exposed workers carrying either the Thr/Thr or the Thr/Met XRCC3 241 genotypes compared to their referent counterparts (P < 0.001) and (ii) carriers of the Met/Met XRCC3 241 genotype compared to Thr/Thr XRCC3 241 carriers, as far as they are non-exposed and bear the variant (Ser/Cys or Cys/Cys) hOGG1 326 genotype (P < 0.01). Significantly lower MN frequencies were observed in carriers of the variant hOGG1 326 genotype compared to Ser/Ser hOGG1 326 carriers in the subgroup of non-smokers with Thr/Thr XRCC3 241 genotype (P < 0.01). Stratified analysis by occupational exposure showed a significant MN increase with smoking in occupationally exposed carriers of the Arg/Gln XRCC1 399 genotype (P < 0.001). In contrast, a significant MN decrease with smoking was observed in referents carrying the Ser/Ser hOGG1 326 genotype (P < 0.01). These findings provide evidence that the combination of different DNA repair genes and their interaction with environmental genotoxic agents may modulate MN induction. Understanding the complexity of the relationships between exposure, DNA repair and MN frequencies require larger scale studies and complementary biomarkers.
Introduction
Micronuclei (MN) arise during cell division and mainly originate from acentric chromosome/chromatid fragments (chromosome breakage) or whole chromosomes/chromatids that fail to engage with the mitotic spindle during nuclear division (chromosome loss). The detection of MN in binucleated cells by means of the ex vivo/in vitro cytokinesisblock micronucleus (CBMN) assay (1) has been successfully employed as a reliable biomarker of exposure to both clastogenic and aneugenic agents (2) (3) (4) (5) (6) (7) (8) .
Major steps in the validation of the ex vivo/in vitro CBMN assay for human biomonitoring were performed by the Human MicroNucleus (HUMN) working group (www.humn.org) that examined the major confounding factors influencing the baseline MN frequency, such as culture conditions, scoring criteria, inter-scorer variation, age, smoking and exposure to genotoxic agents (4, (9) (10) (11) (12) (13) . More recently, a large international cohort study conducted within the HUMN network provided evidence that the baseline MN frequency in cytokinesis-blocked lymphocytes is a predictive biomarker of cancer risk (14) .
MN harbouring acentric chromosome/chromatid fragments result from double-strand DNA breaks (DSBs) induced either directly or indirectly by the conversion of single-strand DNA breaks (SSBs) into DSBs after cell replication. Therefore, genetic polymorphisms leading to mis-repair of SSBs and DSBs have the potential to influence MN frequencies (15) . Similarly, the presence of MN harbouring whole chromosomes is likely to be influenced by genetic polymorphisms controlling the maintenance of the correct centrosome number (16) , the reactivity of aneugens, e.g. inhibitors of tubulins, topoisomerases and cyclins or the activity of cell cycle check points (15) .
The involvement of hOGG1, XRCC1 and XRCC3 gene products in the repair of oxidized bases, SSBs and DSBs, respectively, is well documented (17) (18) (19) (20) (21) . Moreover, despite some controversial results (22) (23) (24) (25) (26) , genetic variants in hOGG1, XRCC1 and XRCC3 genes have been associated with cancer risk.
hOGG1 is responsible for the removal of the highly mutagenic 7,8-dihydro-8-oxoguanine (8-OHdG) DNA lesion via its DNA glycosylase/apurinic lyase activities (17) . The repair of SSBs arising directly from damage to the deoxyribose moieties or indirectly as intermediates of the base excision repair (BER) pathway (27) is facilitated by the scaffold protein XRCC1 via its ability to interact with DNA ligase IIIa, DNA polymerase b, APE1, polynucleotide kinase/phosphatase, poly (ADP-ribose) polymerases 1 and 2 (PARP-1 and 2), hOGG1, hNEIL1 and DNA-dependent protein kinase (DNA-PK) (28) (29) (30) (31) (32) (33) (34) (35) (36) . The RAD 51 paralogue XRCC3 promotes the homologous recombination (HR) repair of DSBs (20) induced either directly or indirectly following replication of closely spaced SSBs (37) . Additionally, XRCC3 was also shown to promote chromosome stability (38) and correct chromosome segregation in mammalian cells (39, 40) .
The aim of the present study was to determine through a pooled analysis of CBMN data the influence of common polymorphisms in BER [hOGG1 326 (Ser/Cys) and XRCC1
399
(Arg/Gln)] and DSB repair [XRCC3
241
(Thr/Met)] genes on MN levels in human peripheral blood lymphocytes (PBL). We selected five individual studies (41-44) (Mateuca R.A., Carton C., Roelants M., Lison D., Kirsch-Volders M., in preparation) involving occupational exposures potentially able to induce DNA strand breakage (e.g. styrene, ionising radiation, cobalt/hard metal, welding fumes and inorganic arsenite compounds) (45) (46) (47) (48) (49) , and therefore MN, as a result of BER and DSB repair deficiencies. For ionizing radiation and cobalt/hard metal-induced DNA damage, the inter-individual differences in clastogenic effects essentially depend on genetic polymorphisms affecting the DNA repair capacity (50, 43) . For styrene, welding fumes and inorganic arsenite compounds, additional genetic polymorphisms (e.g. xenobiotic metabolism enzymes) may influence MN frequencies (51) (52) (53) . The pooled approach, by combining data from several studies, increased the statistical power of the analysis (54), providing a greater potential to understand the contribution of environmental and genetic factors to genome stability. Our results indicate that the combination of different DNA repair genes and their interaction with environmental genotoxic agents may modulate MN induction.
Materials and methods
Laboratories, study design and characteristics of the study population Published (41) (42) (43) (44) and unpublished (Mateuca R.A., Carton C., Roelants M., Lison D., Kirsch-Volders M., in preparation) data linking hOGG1 326 [Database of single nucleotide polymorphisms (dbSNP) no. rs1052133)], XRCC1 399 (dbSNP no. rs25487) and XRCC3 241 (dbSNP no. rs861539) genotypes to MN frequencies were collected from five in vivo occupational studies conducted by three European laboratories (Table I ). The original database comprised a total of 339 Caucasian male subjects for whom detailed information is provided in Table I . Due to missing data, 36 individuals from the original studies were excluded, leaving for the present pooled analysis 303 subjects with complete information on genotypes and MN frequencies; 171 of them were occupationally exposed to mutagens (styrene, ionising radiation, cobalt/hard metal, welding fumes and inorganic arsenite compounds) and 132 represented the non-exposed referent group. Data on age, exposure status and smoking habits were available for all individuals. The number of cigarettes smoked per day ranged between 1 and 60 (mean 5 16.6; SD 5 8.2). Information on alcohol consumption and diet was not available for all studies, and has therefore not been included in the present investigation. The age ranged from 18 to 68 years (mean 5 39.7; SD 5 10.2) in the occupationally exposed population and from 20 to 59 years (mean 5 41.1; SD 5 8.9) in the referents. All studies included in the pooled analysis were approved by local ethics committees. Each study used the same protocol to assess MN frequencies in cytokinesis-blocked PBL (1), and for four studies (41-43, Mateuca R.A., Carton C., Roelants M., Lison D., Kirsch-Volders M, in preparation), MN scoring was performed in the same laboratory. Methods of genotyping were described in the original articles (41) (42) (43) (44) . Polymerase chain reaction-restricted fragment length polymorphism genotyping was performed by the same laboratory for four studies out of five (41-43, Mateuca R.A., Carton C., Roelants M., Lison D., Kirsch-Volders M., in preparation). One study used M13-tagged sequencing primers (http://snp500cancer. nci.nih.gov) to detect XRCC1 399 and XRCC3 241 genotypes (44), and performed additional sequencing to detect hOGG1 326 genetic variants for this pooled analysis. No deviations from the Hardy-Weinberg equilibrium were observed in the total population or within strata of occupational exposure (chi-squared test). The distribution of study subjects by genotype and exposure to genotoxic agents is shown in Table I .
Statistical methods
The influence of genotype, age, exposure status and smoking status on the frequency of micronucleated cells per 1000 binucleated cells was determined by quasi-Poisson regression analysis (54, 55) and was expressed as frequency ratios (FRs) with their 95% confidence intervals (CIs), and corresponding Pvalues, as previously described (56) . Statistical analysis was first performed in the total population without including the genotypes into the model. In a second step, models including genotypes were analysed in the total population and within strata of occupational exposure. To take the inter-study variation into account, each analysis was done with a mixed regression model and normalization of the inter-laboratory data was therefore not necessary (55) . The model included genotype, age, exposure and smoking as fixed factors and study as a random factor. All possible two-way interactions were tested, but only the significant ones were kept in the model. The statistical analysis was carried out with the mlmRev package (0.98-1) for R version 2.2.0. (R Foundation for Statistical Computing, Vienna, 2005). Results were interpreted using linear combinations of estimated main effects and interactions from the Poisson regression analysis. For each linear combination, the P-value was considered significant when lower than 0.05 adjusted for the total number of comparisons performed in the model (Bonferroni correction). The total number of comparisons ranged between 5 and 22 according to the model.
Age was categorized in two groups of comparable size, i.e. !40 years (N 5 156 subjects) and ,40 years (N 5 147 subjects). Due to the low number of heavy smokers, an analysis based on the number of cigarettes smoked per day was not possible. Therefore, smoking status was defined on the basis of a smokers/non-smokers approach; the non-smokers category consisted of individuals who never smoked and former smokers who stopped smoking 5 years or more before sampling. XRCC1 399 and XRCC3 241 were coded as absence of mutant allele (wild-type homozygote), presence of one mutant allele (heterozygote) or presence of two mutant alleles (rare homozygote). Due to the low number of rare homozygotes (Table I), hOGG1 326 genotypes were coded as wild type or variant (presence of at least one mutant allele). In all regression models, the wild-type homozygote was always taken as a reference category.
Results
Tables II and III show the linear combinations of parameters from the Poisson regression analysis with and without including genetic polymorphisms in the models. Only results that remained significant after Bonferroni correction are discussed.
The Poisson regression model including age, smoking status and exposure as covariates showed significantly higher MN frequencies in the older age group (!40 years) than in the younger age group (,40 years) (FR 5 1.30; 95% CI 5 1.17-1.45; P , 0.001) (Table II) . Moreover, a significant interaction between smoking and exposure status was also observed. Further analysis of the simultaneous exposure to occupational mutagens and smoking by the linear combination of parameters showed a significant increase of MN in occupationally exposed smokers when compared to non-smokers (FR 5 1.21; 95% CI 5 1.06-1.38; P , 0.01). Likewise, smokers co-exposed to occupational mutagens had significantly higher MN frequencies than referent smokers (FR 5 1.53; 95% CI 5 1.31-1.80; P , 0.001) ( Table II) . The models including genetic polymorphisms (Table III) The results of the statistical analysis stratified by occupational exposure confirmed the age-dependent increase in MN frequencies in both the referent and the occupationally exposed populations (FR 5 1.39, 95% CI 5 1.18-1.63; FR 5 1.30, 95% CI 5 1.13-1.50, respectively; P , 0.001) (Table III) . Moreover, significant two-way interactions between hOGG1 326 or XRCC1 399 and smoking status were found in the referent and occupationally exposed subjects, respectively. Analysis of the genotype-smoking interactions showed a significant MN increase with smoking in occupationally exposed carriers of the Arg/Gln XRCC1 399 genotype (FR 5 1.49; 95% CI 5 1.22-1.83; P , 0.001) (Table III) . In contrast, a significant MN decrease with smoking was observed in referents carrying the wild-type hOGG1 326 genotype (FR 5 0.73; 95% CI 5 0.60-0.89; P , 0.01).
Discussion
The aim of this pooled analysis was to assess the relationship between DNA repair polymorphisms and MN induction in workers occupationally exposed to genotoxic agents and in their non-exposed referents.
Since all mutagens considered in this study essentially induce oxidative DNA damage, SSBs and DSBs (45) (46) (47) (48) (49) 57, 58) (54) and providing a greater potential to evaluate the interplay between genetic and environmental factors. However, a major limitation is the possible introduction of technical heterogeneity when data from different laboratories are pooled. The strength of the present investigation lies in the limited extent of biological and technical heterogeneity: all the subjects were males, each study used the same protocol for the CBMN assay (1) and, for four out of five studies (41-43, Mateuca R.A., Carton C., Roelants M., Lison D., Kirsch-Volders M., in preparation), both genotyping and the CBMN assay were conducted in the same laboratory. A possible weakness of this analysis lies in the heterogeneity of the occupational genotoxins considered. However, from a mechanistic point of view, the repair of DNA damage induced by the different mutagens considered in this pooled analysis includes major common events (e.g. DNA lesion recognition and incision) that lead, in case of mis-repair, to DSB and thus to MN induction. Moreover, Poisson regression analysis performed separately for each individual study (data not shown) showed that the same trends were present in all studies for a given association, indicating that at this level there was no significant interaction between the type of exposure and genotype/MN associations.
By investigating the effect of age, smoking and exposure status on MN induction, we observed an age-dependent increase of MN in the total population and within strata of occupational exposure (Tables II and III) , which is consistent with literature studies (10, 64) . Increased levels of MN were also observed in smokers co-exposed to occupational mutagens, while no significant influence of smoking on MN induction was found in the referent subjects (Table II) . The effect of smoking habit on MN frequencies is fully evident only at high doses (11) , and therefore, to better evaluate the extent of interaction between these covariates, a sizeable number of heavy smokers should have been included. Unfortunately, our sample did not include enough heavy smokers to allow an analysis based on the number of cigarettes smoked per day and therefore smoking status was categorized based on the yes/no approach.
In our pooled analysis, the influence of XRCC1 399 genotype on MN levels was restricted to the occupationally exposed population. Several studies (65) (66) (67) (68) (69) (70) (71) (72) (73) have associated the presence of the XRCC1 399 (Arg/Gln) polymorphism with reduced DNA repair capacity. The functional significance of codon 399 polymorphism has been explained by its location in the PARP-binding region of the XRCC1 gene (34) , which may possibly affect the XRCC1-PARP interaction, in this way influencing the efficiency of BER. However, evidence also exists that the variant XRCC1 399 Gln allele does not negatively affect XRCC1-mediated repair (74) (75) (76) . In our study, smokers co-exposed to occupational genotoxins and carrying the Arg/ Gln XRCC1 399 genotype had higher MN frequencies compared to their non-smoking counterparts. This result is in agreement with literature studies that support the association between deficiencies in XRCC1 399 repair and increased risk of tobaccorelated chromosomal damage, as assessed by the sister chromatid exchange assay (66, 67, 77) . Moreover, a recent cohort study showed that the variant XRCC1 399 Gln allele had a significant impact on chromosomal damage induction in both A functional impact of the hOGG1 326 (Ser/Cys) polymorphism leading to decreased ability to repair 8-OHdG has been described in several studies (79) (80) (81) , although other reports have not been conclusive [reviewed in (22) ]. We observed a significant MN decrease with smoking in referents carrying the wild-type Ser/Ser hOGG1 326 genotype (Table III) . This decrease might be related to the high levels of tobaccoinduced DNA damage, which may result in enhanced apoptosis (11) The XRCC3 241 (Thr/Met) polymorphism has been associated with an increase in DNA damage in several studies (68, 70) , although the functional basis of such an association is not clear. XRCC3-deficient Chinese hamster ovary cells (irs1SF) transfected with the human hXRCC3 241 wild-type or variant allele showed similar abilities to repair DSBs by HR (82) . Moreover, the defective HR repair of an XRCC3-deficient human colon cancer cell line (HCT116) was restored by expression of either wild-type or variant hXRCC3 241 cDNA (83) . However, recent studies opened the possibility of an additional contribution of the XRCC3 241 variants to the induction of MN arising from chromosome loss via malsegregation events (16, 83) . In this case, carriers of the XRCC3
241
Met/Met alleles would present higher MN frequencies than their wild-type Thr/Thr XRCC3 241 counterparts. This hypothesis seems confirmed by our results showing that carriers of the Met/Met XRCC3 241 genotype had higher MN frequencies than Thr/Thr XRCC3 241 carriers, as far as they are non-exposed and bear the variant hOGG1 326 genotype (Table III) 
